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ABSTRACT

In this development program, advanced aerodynamic design
procedures were used to design a high-efficiency radial compressor
for operation on monatomic gases. The compressor research pack-
age consists of a 6-inch-diameter compressor wheel and shaft
mounted on ball bearings and the associated mounting hardware.
Following development testing, the final configuration was de-
fined, and when the unit was tested on argon, efficiencies in
excess of 0.80 total-to- total were obtained. Additional testing

is to be accomplished by the NASA.



Ty W T T Iy O T W

@.

1.0
2.0
3.0

AIRESEARCH MANUFACTURING COMPANY
A DIVISION OF THE SARRETT CORPURATION
PHOENIX . ARIZONA

TABLE OF CONTENTS

INTRODUCTION
SELECTION OF DESIGN CONDITIONS
COMPRESSOR DESIGN

3.1 Aerodynamic Design Approach
3.2 Aerodynamic Design
3.3 Mechanical Design Analysis
3.3.1 Dynamic Analysis
3.3.2 Impeller Stress Analysis
3.3.3 Stresscoat Growth and Burst Tests
3.4 Mechanical Design
3.4.1 General Unit Description
3.4.2 Instrumentation
3.4.3 Inspection

COMPRESSOR TESTING

4.1 Test Loop

4.2 Development Testing

4.3 Acceptance Testing
4.3.1 Testing Requirements
4.3.2 Acceptance Testing

APS-5109-R
Page i

22

22
27
36
36
36
41
46
46
b7
54

61

61
65
69
69
69



AIRESEARCH MANUFACTURING COMPANY
' ‘ A DIVISION OF THE BARREYT CURPORATION
PHOENIX. ARIZONA

SUMMARY

The NASA-Lewis Research Center is presently engaged in an
investigation of the turbomachinery components of Brayton-cycle
space power systems using solar or nuclear energy as the heat
source and an inert gas as the working fluid. Under Contract
NAS3-2778, three pieces of hardware are to be designed and
developed. The hardware will be used by the NASA for the
Brayton-cycle investigation and includes the following:

Compressor and Turbine Research Packages - The two re-

search packages each include a cold gas model of a high-
performance radial wheel and a suitable set of running
gear with oil-lubricated bearings. Both research packages
are to be used to evaluate component aerodynamic perfor-
mance.

Gas Generator - This unit combines the turbine and com-

pressor of the two research packages into a single hot
unit with the running gear, including gas-lubricated
bearings. The gas generator will be used to evaluate the
Brayton-cycle turbomachinery in a complete system ground
test loop.

This report describes the selection of the system design
point and the design, fabrication, inspection, and testing of
the compressor research package. The compressor design points
for the research package is:

Working fluid Argon

0]
Mass flow rate, m - lbs per sec. 0.621

APS-5109-R
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Compressor inlet temperature, Ti - °r 520
Compressor inlet pressure, P1 - psia 6.0
Compressor pressure ratio, r, 2.30

Design operating corrected speed, NA/B8-rpm 37,900

g = 12
- 518.7

The research package consists of a 6-inch-diameter compressor
wheel and shaft mounted on ball bearings and the associated
mounting hardware.

Development testing of the compressor consisted of
running the uncut development impeller with three diffusers--
a nominal diffuser, a negative 3-degree diffuser, and a posi-
tive 3-degree diffuser. After mapping with the three diffusers,
the impeller was cut back and run with the nominal and the
positive 3-degree diffusers. After the final impeller con-

ioguration was determined, acceptance testing of the shi

gu ! ermined, acceptance testin he shipping
units was accomplished. The first shipping unit was run for
three speed lines and the second shipping unit was operated at

design speed for 1.2 hours.

At the conclusion of the compressor research package devel-

opment two conclusions are evident:

(a) A high—efficienc radial compressor can be designed
y g
to operate on inert gas.

(b) At the design point, the efficiency can be accurately
predicted (predicted m = 0.798, test n = 0.80).

APS-5109-R
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DESIGN AND DEVELOPMENT OF A HIGH- PERFORMANCE
BRAYTON-CYCLE COMPRESSOR RESEARCH PACKAGE

1.0 INTRODUCTION

This report describes the design, fabrication, inspection,
and testing of a Brayton-cycle compressor research package that
will be used to evaluate the aerodynamic performance of Brayton-
cycle compressors. The compressor was designed for high-efficiency,
low-Reynolds-number operation with an inert gas used as the working
fluid. With the recent development of Brayton-cycle space-power
systems, high-efficiency, low-Reynolds-number type turbomachinery
has only recently been required and, therefore, no prior work on

turbomachinery of this type has been accomplished.

The compressor research package consists of a 6-inch-diameter
radial compressor wheel and shaft mounted on ball bearings with
the associated mounting hardware. Notable features of the com-
pressor research package include the advanced aerodynamic design
procedures and the utilization of extremely thin blade sections.
The same design goals have been used in a 6-inch-diameter tur-
bine research package developed for NASA under the same contract
and a 3.2-inch-diameter compressor developed for the Air Force
[Contract AF33(657)-11721].

With the development of the compressor research package,
the feasibility to design high-efficiency radial compressors
for operation on inert gas has been proven. Test results on the
compressor research package when tested on argon indicated effi-
ciencies in excess of 0.8l total-to-total..

APS-5109-R
Page 1
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2.0 SELECTION OF DESIGN CONDITIONS

Figure 1 shows a schematic of the NASA Brayton-cycle space
| power system. Contract NAS 3-2778 calls for the development of
the gas generator package. a turbine research test package, and
a compressor research test package, with the same turbomachinery
used in the test packages as in the gas generator. As specified
by the contract, the gas generator and research test packages
have identical design conditions when corrected mass-flow rates
are compared, Table 1 presents a summary of the design condi-
tions as specified by the contract. In addition to the conditions
listed in Table 1, the most important remaining system variables
include:

(a) Recuperator effectiveness, Ex

(b) Pressure loss parameter, rt/r'C

(c) Shaft speed, N

(d) Compressor specific speed, Ng
c

As the recuperator effectiveness is increased, the cycle

: thermal efficiency and mass-flow rate increase and the optimum
compressor pressure is reduced. The low compressor pressure
ratio, in turn, leads to higher compressor efficiency. Moreover,
at low power levels, the increased mass-flow rate is beneficial
to the turbomachinery as a result of the higher attendant Reynolds
number in the turbine and compressor. Since increased recupera-
tor effectiveness lowers both the radiator inlet temperature and

APS-5109-R
Page 2
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TABLE 1

DESIGN PARAMETERS FIXED BY
CONTRACT NAS 3-2778

Turbine Compressor Gas
Package Package Generator
Working fluid Argon Argon Argon
(e}
Mass flow rate, m -1bs

per sec, 1.184 0.621 0.611
Turbine inlet temperature,

Ta, °R 520 - 1950
Turbine inlet pressure,

Pa, psia 13.2 - 13.2
Turbine pressure ratio, re. 1.56 - 1.56
Compressor inlet temperature,

T:, °R - 520 536
Compressor inlet pressure,

P1, psia - 6.0 6.0
Compressor pressure ratio, r, - 2.30 2.30
Corrected mass flow rate:

W.,/8/86 turbine,

lbs per sec, 1.3185 - 1.3185

W./8/6 compressor,

lbs per sec, - 1.5214 1.5217
APS-5109-R
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the heat load, the radiator area is not strongly affected.
Referring to Figure 2, the optimum recuperator effectiveness is
established by a weight tradeoff between the recuperator and
other components. Although a recuperator effectiveness of 0.9
appears to be optimum, a value of 0.85 has been chosen in view

of the mass flow rate and compressor pressure ratio being
specified.

The effect of the cycle pressure-loss parameter on system
performance is shown in Figure 3. Although a value of 0.95
would be near optimum for the pressure-loss parameter, the value
chosen was 0.90. This value allows increased flexibility, since
the heat exchangers and manifolds would have to be designed for

extremely low pressure drops if a pressure-loss parameter of
0.95 were utilized.

With the design point conditions listed in Table 1
perator effictiveness of 0_85’ and a pressure-lposs

L 9L sriw R a2l = - oo ua T

s, a rec

ot~ ~
ametc G

0.90, a design-point study was conducted to establish the gas
generator thermodynamic and aerodynamic operating conditions.
Figures 4 and 5 illustrate the variation of wheel diameters,
component and cycle efficiencies, component specific speeds, and
turbine pressure ratio over the range of shaft speeds with the
turbine and compressor matched. (A list of the symbols used
throughout this report can be found on page 10,) Wheel diameters
of 6 inches occur for both the turbine and the compressor at a
shaft rotational speed of 38,500 rpm with reasonable adiabatic
efficiencies for the units. With this size wheels, manufacturing
tolerances can be readily maintained to provide aerodynamic
passages with surfaces that are hydraulically smooth.

APS-5109-R
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LIST OF SYMBOLS

- conversion factor = 32.2 ft 1lb per lb sec.?

- molal gas flow rate, lbs mol per sec.

- compressor pressure ratio

- gas-generator turbine pressure ratio

- power-turbine pressure ratio

- compressor -wheel diameter, inches

- gas-generator turbine -wheel diameter, inches

= recuperator effectiveness

- molecular weight, 1lbs per 1b mol

= gas-generator shaft speed. rpm

= power-turbine shaft speed, rpm

= compressor shaft speed

- gas-generator turbine specific speed

= power-turbine specific speed

- compressor inlet pressure, lbs per sq ft

- gas-generator turbine inlet pressure, lbs per sq ft
— universal gas constant = 1545 ft-1bs per lb-mol °R
= compressure inlet temperature, °R

- gas-generator turbine-inlet temperature, °R

turbine pressure ratio “ta
compressor pressure ratio T

APS-5109-R
rage 10
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LIST OF SYMBOLS (Contd.)

ratio of gas specific heats = 1.667 for monatomic gases
(v - 1)/y = 0.4 for monatomic gases

power-turbine shaft power output
gas-cycle input rate

compressor adiabatic efficiency
gas -generator turbine adiabatic efficiency

power-turbine adiabatic efficiency

APS-5109-R
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A low compressor specific speed results at the shaft speed

of 38,500 rpm, and the cycle efficiency is not seriously reduced
from that which would be obtained at higher shaft speeds and

smaller wheel diameters, The variation of system weight and
radiator area versus compressor specific speed is shown in Figure
6. A compressor sp%cific speed of 0.09 is near optimum based on
the consideration of system weight; based on the consideration of
both system weight and radiator area, the optimum specific speed
is approximately 0.096. From the expression for compressor
specific speed

it can be seen that the compressor specific speed is a function
only of shaft speed, since the remaining variables are fixed by
the contract., Therefore, the shaft speed selected is nearly op-
timum for the specified conditions. A lower shaft speed would
result in a more desirable compressor specific speed, but the
wheel sizes would be unnecessarily large and the slow speed could
result in bearing problems.

Additional computer runs were made with variable cycle pres-
sure level, mass flow rate, and compressor pressure ratio (variable
compressor specific speed) over a gas-generator speed range of
35,000 to 65,000 rpm with a free-turbine shaft speed of 24,000
rpm. These calculations were made to supply added insight into
the design-point examination and are summarized in Figures 7
through 11.

APS-5109-R
Page 12
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A comparison was made between NASA design-point conditions
at 38,500 rpm (6.0-inch wheels) and 45,000 rpm (5.1-inch wheels)
and the "optimized" design-point conditions at 38,500 rpm (6.0-
inch wheels), 45,000 rpm (5.25-inch wheels), and 55,800 rpm
(4.3-inch wheels). Selected values of cycle parameters at these
conditions appear in Table 2. 1In addition, the optimized condi-

tions include both a high-cycle pressure cycle (Ns = 0.08) and

c
a case with compressor specific speed comparable to the NASA

design conditions.

The above design-point condition studies revealed no major
advantage to be gained through a change in design-point condi-
tions from those proposed by NASA. Some advantage in system
weight and radiator area would be realized with increased shaft
speed and pressure level; however, decreased wheel diameters would
result. Therefore, it was recommended that the mass flow rate,
compressor pressure ratio, compressor inlet pressure, and working
fluid, as recommended by NASA, be established as design values
with the gas generator shaft speed of 38,500 rpm.
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Table 3 presents the final design conditions used for the
compressor. Design conditions as applicable to the gas gener-
ator configuration are given in Section 3.2.

TABLE 3

DESIGN CONDITIONS
NASA COMPRESSOR RESEARCH PACKAGE

Working fluid Argon
Flow rate, lbs per sec. 0.621
Inlet temperature, °R 520
lnlet pressure, psia O.u
Total pressure ratio 2.30
Operating speed, rpm 37,900
Operating life, hr. | 180
Speed capability, percent design 120

APS-5109-R
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3.0 COMPRESSOR DESIGN

3.1 Aerodynamic Design Approach

The impeller diameter was fixed and a preliminary
estimate was made of compressor efficiency and slip factor.
After an approximate design was established, the compressor
efficiency was calculated from a detailed loss analysis and
the impeller diameter was modified accordingly.

The impeller inlet was sized to give the minimum inlet
relative Mach number at the inducer tip. The shroud and hub
profile were designed to give an accelerating flow along the
wall from the inlet pipe to the impeller eye as well as a
minimum velocity variation from hub to shroud across the
inducer inlet section. Initially, a geometric shape of the
inlet was selected and the velocity gradients determined by
an analog field plot. Using these velocity gradients the
velocity distribution was calculated. The geometric shape
was altered until a suitable velocity distribution was
achieved.

The impeller exit width was established so that the
diffusion of relative velocity along the shroud, expressed
as a ratio of relative velocities at the impeller inlet and
the impeller exit, was less than 0.30. Also, the direction
of flow at the diffuser inlet was determined to be not much
larger than 60 degrees from the radial direction. With the
inlet and exit dimensions fixed, the shroud and hub profile
were assumed. Using the electric analog field plot method,
with approximate corrections for compressibility, blade
blockage and boundary layer clogging, the meridional velocities

APS-5109-R
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along several streamlines were calculated. The meridional
shape was adjusted and the calculation repeated until a
satisfactory distribution was obtained along the shroud

and hub streamlines. Particular care was taken to insure
that the shroud meridional velocity did not have too high
! a peak and that the hub velocity did not become so low as
to cause negative velocities.

A slip factor of 0.869 based on temperature rise was
used in the impeller design, however, the tangential component
of velocity at the impeller exit was based on a value of 0.83,
which is consistent with a windage loss of 3.9 percent. The
value of slip factor used was based on experimental data and
agrees closely with that obtained from Buseman's data for a

Tr LT .3na 2emm~nTTAw

R A e

Next, the blade loading diagram was estimated using a
blade-to-blade calculation method. Utilized in these calcu-
lations were an assumed number of blades, an assumed blade
angle variation, a calculated slip factor at the blade tip,
and an estimated meridional velocity distribution. Since
the blade elements were radial, the blade angles along the
mean and hub streamlines were calculated from the value of
the blade angles at the shroud.

Several combinations of blade angle distribution and
numbers of vanes were checked until the following conditions
were avoided:

(1) Excessive deceleration of relative
velocity at the shroud.

(2) Very low or negative relative velocities
at the hub.

APS-5109-R
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(3) Excessive decelerations on the suction
surface of any streamline.

The above blade loading calculations were based on the
preliminary estimate of meridional flow distribution. The
variation of meridional flow distribution due to the above
blade loading was calculated using a high-speed digital com-
puter and the blade loading was recalculated based on the
modified meridional flow distribution.

In the present design, the original field plot meridional
velocity distribution was modified according to past experi-
ence, before the blade loading calculation was made. This
assumed meridional velocity distribution was very close to
the corrected distribution and no iteration was necessary.

The loadings on the radial trailing edge portion of the
blade were recalculated based on potential flow analysis.

The results compared favorably with the previously calculated
loadings.

The losses in the impeller were estimated using two-
dimensional boundary layer techniques. The losses considered
were blade and wall friction losses, mixin g losses due to
boundary layer and blade wakes, impeller windage losses, and
clearance losses. The Mach number was so low that there was
no shock loss in the impeller.

APS-5109-R
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In order to determine the diffuser geometry, equations
were derived expressing the diffuser losses in terms of the
variable parameters. The parameters considered were radius,
diffuser exit vane angle, and number of vanes. The merid-
ional width of the diffuser was allowed to increase from
inlet to exit.

The exit core absolute velocity was held fixed at a value
0.6 times the inlet velocity. This was felt to be the maximum
diffusion for which separation could be avoided. The required
exit diffuser area was calculated to provide the specified
diffusion, allowing for boundary layer growth and blade
blockage, and the meridional width was adjusted to provide
this area. The length of the diffuser vane, or the exit to
inlet radius ratio of the diffuser was designea so tnar rie
equivalent conical or two-dimensional diffuser cone angle
was somewhat less than the stall critical cone angle pro-
posed by Kline.

The losses attributable to the diffuser are the friction
losses and the loss of the kinetic energy associated with the
radial component of velocity. The total loss was calculated
for diffusers of various combinations of parameters and the
optimum geometry was determined.

Finally, the blade core velocity districution was calcu-
lated using a potential flow analysis performedAon a high-speed
digital computer. The overall loading and the suction and pres-
sure velocities were found to be acceptable.
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Surface finish was specified for each component so that

the surface was fluid dynamically smooth.

A family of scroll cross sections with different areas
was selected for ease of manufacture and blending with the
diffuser meridional shape. Using continuity and conservation
of angular momentum and assuming inviscid flow, these cross
sections were located circumferentially.

Next, the boundary layer thickness at each location was
calculated. The area required at each circumferential section
was increased by the boundary layer clogging and the original
sections were relocated. The process was then repeated until
reasonable convergence was obtained. The mean radius of each
section was increased from the tang to the exit of the scroll
so that considerable diffusion had taken place by the time the
flow reached the exit of the scroll. The resulting exit mean
Mach number is 0.16, low enough so that no further diffusion
is deemed necessary before entering the heat exchanger upstream.

APS-5109-R
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3.2 Aerodynamic Design

The following data and design information defines the

impeller, the diffuser, and the scroll configurations result-

ing from the aerodynamic analysis of the compressor research

package.

The values are for the compressor design inlet con-

ditions applicable to the gas generator configuration.

A,

(ST S T -~ B > B B s B = B

Efficiencies: See Table 4.

Pressure ratios:
Total-to-total pressure ratio = 2.38
Total-to-static pressure ratio = 2.575

Speed = 38,500 rpm

Specific work = 4y.45 np per iv pesr oco.
Weight flow = 0.611 lbs per sec.
Specific speed = 0.1057
Loss distribution: See Table 4.

Total and static pressures: See Table 4.
Total temperatures: See Table 4.

Gas velocity distribution:

See Figure 12 for shroud velocity distribution.

See Figure 13 for 50 percent streamline velocity
distribution.

See Figure 14 for hub velocity distribution.
See Figure 15 for diffuser velocity distribution.
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TABLE 4

NASA BRAYTON CYCLE COMPRESSOR
DESIGN VALUES

n
Pror PsraTIC TT%TAL (UP TO
LOCATION (PSIA) (PSIA) (°R) LOCATION)
Inlet __
(Outside blade) 6.00 5:55 536
Impeller Exit 15.72 9.70 817.3 0.896
(After B.L. and blade
wake mixing)
Diffuser Inlet 15.57 10.21 817.3 0.886
(Inside blade based on
core velocity)
Diffuser Exit 15.57 13.47 817.3 -
(Inside blade based on :
core velocity)
Scroll Inlet 14 .58 13.14 817.3 0.813
(Based on mean velocity
after B.L. and blade
wake mixing)
Scroll Exit 14 .29 13.97 817.3 0.798
(Based on mean velocity
at scroll exit)
APS-5109-R
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Stator and rotor aerodynamic physical dimensions:

See Drawing 369757 for stator physical dimensions.
See Drawing 369747 for rotor phygical dimensions.

See Drawing 369758 for diffuser physical dimensions.

Velocity diagrams:

See Figure }6 for impeller velocity diagram.

See Figure i7 for diffuser and scroll velocity
diagrams.
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FIGURE 16

INLET VELOCITY TRIANGLES (JUST UPSTREAM OF LEADING EDGE)
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FIGURE 17

i

1. DIFFUSER INLET: (INSIDE BLADE AT R 3.10 IN.)

C, = 398

C, = 794.}

2, DIFFUSER EXIT: (INSIDE BLADE AT R = 3.875 IN.)

C, = 478.1

3. SCROLL INLET: (AFTER MIXING OF DIFFUSER B.L, AND BLADE WAKES )

s
% 6'0 O
= 3
C =~ =70.34~
| U
g
(&)
4, THE MEAN EXIT VELOCITY AT THE SCROLL EXIT IS 208.6 F/S
YIELDING M it = .161
ex A31475
APS-5109-R
Page 35




AIRESEARCH MANUFACTURING COMPANY
= . A DIVISION OF YHE GARRETT CORFORATION

3.3 Mechanical Design Analysis

3.3,1 Dynamic Analysis

The dynamic analysis of the compressor research package was
accomplished on a digital computer by use of a program written
for turbomachinery critical speed and bearing load analyses. A
4,0-inch bearing spacing and 25-millimeter bearings were chosen
for the research package. The rear bearing was rigidly mounted
to limit the rotor radial motion within the required shroud
clearance, This gave an effective spring rate of 450,000 poundsg
per inch for the rear mount, The critical speeds for the com- #
pressor were analyzed by using front bearing spring rates from
5,000 to 30,000 pounds per inch (see Figure 18). Using a front
bearing spring rate of 15,000 pounds per inch, bearing loads for
a 0,0005-inch c.g. eccentricity were determined. Figure 19 shows
the results of the bearing load analysis,

3.3.2 Impeller Stress Analysis

A stress analysis of the compressor wheel was performed for
determining the centrifugal disc and blade stresses at the opera-
ting speed of 38,500 rpm, Disc stresses were calculated using
the Bendix G-20 digital computer. Blade stresses were calculated
using lamination theory. Radial and centrifugal stresses are
plotted on Figures 7D and 21 respectively,

Yielding of the disc may be expected at a minimum speed of
82,000 rpm and in the blades at 122,000 rpm. The burst speed
range may be expected to be between 119,000 rpm and 133,000 rpm,

APS-5109-R
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COMPRESSOR

0.0071 LB SEC3/IN.
-0.00048 IN. LB SEC2
6.0 IN.

(=R S

W

. I | |

/
:%:Fa» ';ilgx
2.2 ole 4.0 _af

K1 = 450,000 LB/IN

CRITICAL SPEED- RPM x 10~

4o

v s—

RPM COMPRESSOR OPERATING

30

posd

\n

10

//
1/
—_ |
_— COMPRESSOR
AA—""”’
—p
FIRST
CRITICAL
& 5 i5 20 55 30

K2 - SPRING CONSTANT, LB/IN x 10 3

CRITICAL SPEED VS. SPRING CONSTANT FOR
NASA COMPRESSOR RESEARCH PACKAGE

FIGURE 18 A30736-2
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NOTE: 3.0 -
1) SPEED - 38,500 RPM 2 1
2) MATERIAL: 6A1-4V TITANIUM
3) ALL STRESSES IN KSI
(V2
5
z
i
]
2 5
—
(]
.
6
2
/
razrancs | DW 110 -63 RADIAL STRESS DISTRIBUTION FOR
RN S NASA BRAYTON-CYCLE IMPELLER ‘A12037-
WRITTEN
areroveo 147/ 17063 | fiResearch Manufactu.ring Compang of Arizona | __ _
PORM FreA FIGURE 20
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NOTES:
1) SPEED: 38,500 RPM 3.0
2) MATERIAL: 6HAl-4V TITANIUM
3) ALL STRESSES IN KSI
L) AVERAGE TANGENTIAL STRESS: 6
10,900 PSI :
8 2.5
\ 2.0 @
=
O
=
=
I
1.5 B
1.0
/
——— 4
— - 50 22 ok 00~
TANGENTIAL STRESS DISTRIBUTION
rrxraneo | DW_ [10-63 NASA BRAYTON CYCLE IMPELLER A12038 -

WRITTEN
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FORM P793A-1

FIGURE 21
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Since creep of the titanium alloy is negligible at the tempera-
tures encountered in this application, the impeller may be
considered essentially an infinite life wheel.

The wheel was machined from a 6 Al-4V titanium forging and
piloted on the shaft (rather than on the splines) with a 0.0003

to 0.0006 inch diametral interfererce

3.3.3 Stresscoat Growth and Burst Tests

Results of the Stresscoat test conducted on the compressor
impeller are shown in Figures 22 and 23. The maximum stress at
38,500 rpm as indicated by the Stresscoat in Figure 22, Area 1,
was 21,200 psi. The maximum calculated stress in the hub was
24,800 psi at an area covered by the arbor. Calculated stresses
of approximately 20,000 psi in the hub radius correspond closely
with the Stresscoat results, as does the Stresscoat results for
the remainder of the back face. The maximum radial stress in
the blade indicated by the Stresscoat was 14,400 psi at 38,500
rpm compared to a calculated value of 13,200 psi.

A growth test was conducted on the subject wheel with re-
sidual diametral deformations recorded for the OD and for the
ID at both the spline (inducer) end and the bearing (hub) end.
Results of this test are shown in Figure 24. In an attempt to
burst the wheel, substantial growth of the ID (0.026- to 0.030-
inch residual deformation) occurred and allowed the c.g. of the
wheel to shift relative to the arbor. Violent precession resulted
and the wheel dropped in the whirlpit (see Figure 25) at 124,000
rpm. This speed falls within the calculated burst speed range of

s
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STRESSCOAT TEST OF NASA BRAYTON-CYCLE
COMPRESSOR WHEEL, PART 369747
STRESSES BELOW ARE FOR UNIAXIAL STRESSES AT 38,500 RPM.
ESTIMATED ACCURACY OF STRESSES: +20 PERCENT.
AVERAGE STRESSCOAT SENSITIVITY: 0.000T7.
MATERIAL: 6A1-4V-90 TITANIUM ALLOY.
E = 16.0 x 10° PSI

MARCH 6, 1964

AREA STRESS (PSI)

I 21,200

2 17,300

3 14,400

T 11,950

5 9,850
FIGURE 22
APS-5109-R
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STRESSCOAT TEST OF NASA BRAYTON-CYCLE
COMPRESSOR WHEEL, PART 369747
STRESSES BELOW ARE FOR UNIAXIAL STRESSES AT 38,500 RPM,
ESTIMATED ACCURACY OF STRESSES: +20 PERCENT.
AVERAGE STRESSCOAT SENSITIVITY: 0.0007.
MATERIAL: 6A1-4V-g0 TITANIUM ALLOY,
E = 16.0 x 10% PSI

MARCH 6, 1964

AREA STRESS (PSI)

1 21,200

2 17,300

3 14,400

4 11,950

5 9,850
FIGURE 2°
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S/N 4x 1ol
MATERIAL: 6 Al - 4V - TITANIUM
® AND & INDICATE MEASUREMENTS TAKEN AT
RIGHT ANGLES

PRERUN DIAMETERS:

COMP, OD 5;9800 AND 5,9799
BORE 1D 0.9841 AND 0.9842 (BEARING END
BORE 1D 0.9847 AND 0.98475 (SPLINE END

BORE ID
(SPLINE END)

OVERSPEED RANGE
70,000 TO 74,000 RPM

&

COMPRESSOR OD

, //
BORE ID

A &, (BEARING END)

7

i //// /// / é ///

80 90 100 110
SPEED - RPM x 10 °

GROWTH OF NASA BRAYTON CYCLE
COMPRESSOR WHEEL A60261-1

FIGURE 24
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BURST TEST RESULTS
NASA COMPRESSOR IMPELLER

FIGURE 25
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119,000 to 133,000 rpm; and while actual fracture of the wheel
did not occur because of the large elongation of the material,
the burst speed is in excess of the minimum calculated value,
and a rerun of the burst test is not considered necessary.

3.4 Mechanical Design

3.4.1 General Unit Description

A cross-sectional view of the compressor research package
is shown in Assembly Drawing 369731. The unit consists of the
compressor impeller (369747) and shaft (369754) mounted in the
main housing (369722) on two antifriction bearings (358313). The
front bearing (impeller end) is resiliently mounted with a spring
rate of 15,000 pounds per inch using the bearing mount described
in Drawing 369733. This spring rate was chosen so that the first
critical speed could be far removed from the operating speeds.
Bearing loads are also small. The rear bearing is rigidly mounted
to limit the impeller-to-shroud clearances, and a coil spring
(111917) provides 30 pounds of axial preload on the bearings. An
oil jet (369728) supplies pressurized oil to each bearing, and a
carbon-face-type oil seal (358319 and 358321) is provided at each
end of the housing. The impeller end seal (358321) has an argon
purge chamber located between the face seal and an annular shaft
seal to prevent any minute amount of 0il leakage past the face
seal from contaminating the system argon. A spline-connected stub
shaft (369746) located at the input end of the compressor permits
adaptation to an external power source.
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The compressor diffuser (369758) and the scroll assembly
(369757) attach to the main housing by a bolted flange. Shim-
ming to obtain the desired compressor-wheel-shroud-face clearance
is accomplished at this flange be providing a shim of predeter-
mined thickness between the housing and the scroll flanges
(369745). A compromise value of the clearance was established
at 0.010- to 0.0l2-inch. From an aerodynamic consideration, a zero
clearance would be optimum, however, a clearance of 0.002 inches per
inch of wheel diameter can be utilized without serious performance
penalty. From a mechanical consideration, it is advantageous
to maintain large clearances so that, with rotor radial and axial
displacements due to tolerance stackup and flexible-bearing dis-
placements, the rotor does not rub on the shroud. Sealing at
this shim is accomplished with two O-rings (369813). Bolted flanges
at the compressor inlet and discharge permit adaptation of appro-
priate ducting (369778 and 369779). A rigid mounting base
(369752) provides for mounting the compressor research package to
a test stand bed plate. Table 5 is a summary of the parts used
on the compressor research package.

3.4.2 1Instrumentation

Provisions were made for providing certain instrumentation
on the compressor as follows:

(a) Inlet

(1) Three static pressure taps in the same plane,
120 degrees apart.

(2) Three total pressure taps, 1/2-inch
downstream of the static pressure
taps, 120 degrees apart.

(b) Rotor

(1) One L.C. Smith probe mount, 0.3

inch upstream of the rotor leading edge.
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DRAWING OR
PART NUMBER
369730
369731
369722
369723
369727
369728
369729
369732
369733
369734
369735
369737
397738
369743
369744
369745
369746
369747
369752
369753
369754
369757
369758
369759
369770
369771
369778
369779
369813
111917
358313
358319
358320
358321

MS16555-617
MS16555-625
MS16555-646
MS21045-C5
MS24630-2
MS24673-2
MS24673-5
MS29561-015
MS29561-235

AIRESEARCH MANUFACTURING COMPANY

A DIVISION OF YTHE GARRETT CORPORATION

PHOENIX . ARIZONA

TABLE 5

NASA COMPRESSOR RESEARCH PACKAGE

DRAWING AND PARTS LIST

TITLE

Compressor Outline, Test, Brayton Cycle

Compressor Assembly, NASA

Housing Assembly, Main

Spacer

Carrier, Seal

Nozzle Assembly, Oil

Spacer, Labyrinth (Optional)*

Spacer, Bearing

Mount, Bearing, Resilicnt

Carrier, Bearing

Carrier, Bearing

Carrier Assembly, Labyrinth Seal (Optional)

Carrier Assembly, Carbon Seal

Shim, Bearing Carrier

Shim, Seal

Shim, Sealing Spacer

Shaft, Quillx*»

Impeller, Compressor

Shaft Assembly, Mounting

Seal Assembly, Carbon

Shaft Assembly, Impeller

Scroll Assembly, Compressor

Diffuser, Compressor

Shim, Housing, Diffuser

Spinner, Impeller

Washer, Flat

Fiange, Compressor Outlet**

Flange, Compressor Inlet**

Seal, O-Ring

Spring, Compression

Ball, Single Row, Angular Contact

Seal, Air-0il

Seal, Argon, Oil-Metal Bellows (Optional)

Seal Set, Gas-0il, Matched
COMMERCIAL PARTS

Pin

Pin

Pin

Nut

Type "F'" Screw
Screw

Screw

O-Ring

O-Ring

*Parts marked (optional) may be used as an alternate.

**These parts are shipped loose to the customer.
customer's inlet and exhaust ducting.

APS-5109-R
Page 48

USED ON

369731
369731
369731
3697 31
369731
369731
369731
369731
369731
369731
369753
369731
369731
369731
369731
369731
369731
369731
369731
369731
369731
369731
3u5T31
369731

369731
369731
369731
369731
369731
369753

369722
369722
369752
369731
369731
369731
369731
369731
369731

NUMBER
REQUIRED

e e i

1
As required
As required
1

P et D e e e e e e e e e e et ed e e

n

12

12

-

The flanges are to be welded into the
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DRAWING OR
PART NUMBER

AN3CH5A

AN5C-12

ANGCH10A
ANB16-5-48
ANGGE0OC516L
ANGE0C616
S8152AT101-0-120

$8152AT101-0-220

S$8152BG17-0-590
S8152BG17-0-590

S$8152BG40-0-310

SB171AP102

$8860C1P1

362-506-9012

362-522-9002

525-518-9047

525-577-9006

655-601-9208

PHOENIX. ARIZONA

TABLE 5 (Cont‘d)

ScreQ
Screw
Screw
Connector
Washer
Washer
Pin

Diam = O,
Length =
Material:

Pin

Diam = O,
Length =
Material:

Pin
Pin

Diam = O,

Length =
Material:

Pin

Diam = O,
Length =
Material:

Packing “o"

TITLE
0469 Both ends chamfered
0.120 45° x 0,008
SAE 4340 Hardness - R, 40
0469 Both ends chamfered
0.220 45° x 0,008
SAE 4340 Hardness - R, 40
2032 Both ends chamfered
0.590 45° x 0.015
321 Cres Condition: A annealed
Steel
2500 Both ends chamfered
0.310 45° x 0,025
321 Cres Condition: A annealed
Steel
Ring

Dia of "O" Ring = 7,445,
Dia of Ring Material = 0,137

Material: MIL-R-2§8?7 Type I, Class 1
(Viton "A" Material)
Plate, Identification
Thickness: 0,016
Material: 301 Coes
Steel
Condition: 1/2 Hard

Gasket - Metal O-Ring

3/32-1inch

tube, 0.010-inch wall

Ring OD = 5,252 inch
The D.S.D. Manufacturing Company

Vendor:

Hamden, Connecticut
Fed Sup Code 97968

Vendor Part No, C5250C-AG

Gasket - Metal O-Rin

1/16-inch

Ring 0D =
Vendor:

g
tube, 0.010-inch wall
0.502 inch

Hamden, Connecticut
Fed Sup Code 9796B

Vendor Part No, AOS500C-AG
Nut, Self-Locking, Hex, Thin, 750°F

Thread:
Vendor:

3/4 - 16 NF-3

Standard Press Steel Co
Jenkintown, Pennsglvania

Fed Sup Code 5687

Vendor Part No, 50FK1216

The D.S.D, Manufacturing Company

Nut, Self-Locking, Round, Bearing Retaining
Nominal OD = 1 9/16 inch

Vendor:

Shur -Lok Corporation
Anaheim, California
Fed Sup Code 97393

Vendor Part No, S658N05C

Screw, Self-Locking, Socket, Head, 1200°F

Length:
Vendor:

0.50

Long-Lok Corp,

Los Angeles, California
Fed Sup Code 03038

Vendor Part No, DT 100000-82-8
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’ NUMBER
USED ON REQUIRED
369731 6
369731 12
369731 4
369728 1
369731 12
369731 4
369734 1
369733 1
369738 2
369737 2
369728 1
369731 1
365731 1
369731 1
369731 2
369731 1
369721 1
369731 1
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(2) Three sets of five static pressure

taps along the rotor shroud, each
set 120 degrees apart.,

(c) Diffuser

Two sets of five static pressure
taps along the diffuser 50 percent
streamline, one set one each side
of the diffuser passage.

(d) Scroll Exit

(1) Four static pressure taps in the
same plane 90 degrees apart,

(2) Four total pressure taps 0.5 inch
downstream of the static taps,
rotated 45 degrees to the static
taps and 90 degrees apart,

(e) Bearings

Three 1.C, thermocouples on each
bearing.

On the first shipping unit, Serial No. P-A, drilled and
tapped bosses and the associated instrumentation plumbing was
provided as shown in Figures 26, 27, and 28. For the second
shipping unit, Serial No., P-B, undrilled bosses were provided.
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SERIAL NO. P-A
NASA COMPRESSOR RESEARCH PACKAGE

FIGURE 26
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SERIAL NO. P-A
NASA COMPRESSOR RESEARCH PACKAGE

FIGURE 27
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[ SERIAL NO. P-B
NASA COMPRESSOR RESEARCH PACKAGE

‘ FIGURE 23
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3.4.3 Inspection

Inspecticn ¢f the compressor research package parts and
final assembly were conducted in accordance with the quality-
assurance prngram as outlined in AiResearch Report RC-5130-R.
Figure 29 shows the Critical Parts Inspection and Serialization
Record for both compressor impellers. Figures 30 and 31 show
tr.e impeller after balance inspection. Figures 32 and 33 show
b-th sides of the Assembly Inspection and Laboratory Traveler

for the two compressor research packages.

As can be seen from Figure 33, the first shipping unit was
started six times and ran a total of 6.9 hours for the acceptance
test. The second unit was started three times and ran for a
total of 1.2 hours for its acceptance test. Following completion
of the acceptance tests, the acceptance tag was completed, as
shown in Figure 34.
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H 2%2% K- s

AIRESEARCH MANUFACTURING COMPANY

FORM P27a1. F CRITICAL PART INSPECTION AND SERIALIZATION RECORD /
Forging/Casting No. C/L Serial Number 0.5. GROWTH DATA Machined Part No. 4 4/}( -
. 4X 163 *3c5 7Y 7 ¢
Oper. Date | JSP- Oper. Date | Jsp- | Control | Adter | After | Z/M MRB Disp. Af ter
Raw Matl. 3¢ | Stamp | Mach. Part | V3% | Stamp | Din/Dia AR | 0S. | After Final | Assy | R&O
_ &) UsE
Dim. Dim. S D750 P RWK
Ultra Uttra/Mch S 7785 (@ S5, 7785 | SCP
RTV
HT/Stress HT/Stress ITR NUMBER
Zyglo/Mag Zyglo/Mag i 3/ 704 | E.p
Radiogr. Pull Test
; : / Y AN
ﬁéa?t ﬂt? e Balance ke
: " .
2nd H.T. Overspeed 1 S I
. | Remarks: *Raw Matl.
Green Run Mig. Co.
. 2nd 0S. *Mach.Part
L R.R. No. Part No. Changes Mig. No.
COMPRESSOR RESEARCH PACKAGE
SERIAL NO. P-A
2 AT
£ ORM P2741. F CRITICAL PART INSPECTION AND SCRIALIZATION RECORD
Forging/Casting No. c/L Serial Number 0.5. GROWTH DATA Machined Part No. C/L
X 703~ 3657w i
Oper. 0 Insp. Oper. Date | msp- | Control | After | After | Z/M MRB Disp. After
Raw Matl. % | Stamp | Mach.Part | D€ | Stamp | DimMia | GR. | 0S. | After Final | Assy | R&O
. . x USE
Dim. Dim. 5:9"76, 3 @ 5'7 3 RWK
Ultra Ultra/Mch scp
RTV
HT/Stress HT/Stress ITR NUMBER
Zyglo/Mag Zyglo/Mag NZodSB P i
Radiogr. Pull Test R
St "‘)
Heat No. Balance \f‘ J
]l
Ind H.T, Overspeed f&‘l S -
Remarks: *Raw Matl.
Green Run Mfg. Co.
20d 0.5. | *Machi.Past ]
R.R. No. Part No. Changes Mig. No.

COMPRESSOR RESEARCH PACKAGE
SERIAL NO. P-B
FIGURE 29
APS-5109-R
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COMPRESSOR IMPELLER
NASA COMPRESSOR RESEARCH PACKAGE

FIGURE 30
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COMPRESSOR IMPELLER
NASA COMPRESSOR RESEARCH PACKAGE

FIGURE 31

HP-6371 APS'5109 -R
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AIRESEARCH MANUFACTURING COMPANY

SUB-UNIT CONFIGURATION

‘ s. 0. NO. END ITEM |
ACCEPTANCE TAG |- - iER'A" NO. PART NO, SERtAL NO. MODEL_NO. MEO NO'5 —‘l
BRSO E DE ATl T A 6TH7 ¥R-103 | H. °7 7 56 J‘
fg‘%‘)}/&;b;u& /333)-’ ANZE . — = |
e Seneck, NASA ~ P=B 369797 FXIoR |, 1TE=3 ‘
RT NO. i
369730 i
MODEL NO.
AOopE
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CAOE
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BTG

INSP, SIGNATURE

/ re; iND‘?’Z)C/O

ALLOCATION

AUTHORIZED SIGNATURE

DATE

ENG, REC.—SPLIT

COMPRESSOR RESEARCH PACKAGE

FIGURE 34
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4,0 COMPRESSOR TESTING

4,1 Test Loop

The development and shipping compressor was tested in the
closed loop, shown in Figure 35, with argon used as the working
fluid. The loop was fabricated from stainless steel tubing of
a nominal Y4-inch diameter with appropriate transitions to the
inlet and discharge of the compressor and other components in the
loop. To reduce the system leakage, welded joints were used
throughout the system with the exception of the flanged joints at
the compressor and the motorized control valve. The loop consisted

of the following components:

(a) Orifice measuring section

(b) Motorized valve

(c) Filter

(d) Vacuum pump

(e) Compressor

(f) Drive turbine

(g) Heat exchanger (cooler)

(h) Cooling turbine and heat exchanger

(i) Instrumentation

The filter was used as a precaution against the induction of
any particle that might damage the impeller blades. The filter
body was also the station for evacuation of the loop. The vacuum
pump was used to purge the loop of air and to control the argon
pressure level during the tests. (As the pressure ratio of the com-
pressor was varied, the loop pressures would change, which would
require the addition or removal of argon to maintain a constant

compressor inlet pressure.)

APS-5109-R
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BRAYTON-CYCLE TURBOMACHINERY TEST LOOP

FIGURE 35
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The compressor under test was installed in the loop with
flanged joints used to permit easy removal for changes of the
diffuser or impeller cutback. The compressor was insulated with
1 inch of foil-backed fiber glass during all testing to facilitate
accurate temperature measurement., -The compressor was driven
through a quill shaft by an air turbine motor, shown in Figure 25.
The speed of the turbine was controlled by a pneumatically con-

trolled valve installed in the plant air system.

A water-cooled gas heat exchanger, shown in Figure 36, was
used to control the compressor inlet gas temperature. Motorized
valves on the water side of the heat exchanger permitted control
of the compressor inlet temperature to within 1°F. At compressor
flows and pressure ratios where full flow of the plant water
supply would not control the loop gas temperature, chilled water
from a second air-to-water heat exchanger was piped through the
test loop heat exchanger. The water was chilled by air from an

air-driven cooling turbine.

The basic compressor instrumentation consisted of thermo-
couples, static pressure taps, and total pressure probes located
at the inlet and discharge ducts of the compressor, Special
static pressure taps were installed in the inlet scroll to facili-
tate impeller cutback. The thermocouples were designed for maxi-
mum accuracy over the range of Reynolds numbers to be encountered

in testing.
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WATER-TO-GAS HEAT EXCHANGER

AIR TURBINE MOTOR

COMPONENTS OF BRAYTON-CYCLE TURBOMACHINERY CLOSED TEST LOOP
FIGURE 36
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4,2 Development Testing

The development compressor impeller was tested with three
diffusers--a nominal diffuser, a negative 3-degree diffuser, and
a positive 3-degree diffuser. The compressor impeller was fabri-
cated with an extended leading edge so that the optimum match
of diffuser and impeller could be obtained. With the extended
leading edge, the flow at design pressure ratio was expected to
be lower than the design value. The negative 3-degree diffuser
should have given the best performance with the uncut impeller.

The uncut impeller was tested with the three diffusers and
the results (see Figures 37 and 38) indicate that at the design
pressure ratio (2.30) and speed (38,500 rpm), the flow was about
81 percent of the design corrected flow rate (1.52%) when the
negative 3-degree diffuser was used. Increasing the diffuser area
(using the nominal diffuser) results in a considerable increase in
flow rate and a somewhat smaller additional increase in flow with
the positive 3-degree diffuser. The trend shown in Figures 37
and ZJ indicates that further increases in diffuser area would
have a small effect, since the inducer flow limit is being

approached,

In order to increase the flow, the inducer leading edge was
cut back so that the blade angles were increased to the design
value., The cutback wheel was tested with the nominal diffuser,
and the test results showed a 5-percent deficiency in flow at
the design condition. This deficiency was probably due to an
under-estimation of the boundary-layer clogging at the diffuser
throat. Accordingly, the positive 3-degree diffuser was tested.
As shown in Figure 35, the design flow and efficiency were ex-
ceeded in this test. The efficiency at the design corrected mass
flow is 0.783.
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COMPRESSOR EFFICIENCY

COMPRESSOR PRESSURE RATIO

PHOENIX, ARIZONA

TEST FLUID -~ ARGON

COMPRESSOR INLET TOTAI. PRESSURE - 12.0 TO 12.5 IN. Hg ABS

CUMPRESSOR INILET TOTAL TEMPERATURE ~ 53G“R

100

PERCENT N4{7d = 37,900 RPM

SOLID LINES - NOMINAL DIFFUSER

DOTTED LINES - MINUS 3” DIFFUSER
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FIGURE 37
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TEST FLUID -~ ARGON
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Since the peak efficiency at design speed is about 0.81,

additional performance increase may be possible with further

impeller cutback and/or larger diffuser.

4.3 Acceptance Testing

4.3.,1 Testing Requirements

The acceptance testing requirements, established in
NASA letter 1443, dated May 18, 1964, and signed by the
contracting officer, John E. Dilley, are listed below:

(a)

(b)

Instrumentation shall be added to the existing
bosses in the exit scroll of the No. 1 Compressor,
and the unit operated in Argon over a range of
pressure ratios at speeds of 90, 100, and 110
percent of design speed. Upon completing these
runs and recording the test data, the unit shall
be operated at 120 percent of design speed for
five (5) minutes and then shutdown.

The Number 2 Compressor shall be operated for

a minimum of one (1) hour, and until bearing
temperatures have stabilized. Operation shall
be at design speed and with any convenient cold
gas. Finally, the unit shall be operated at

120 percent of design speed for five (5) minutes
and then shutdown.

4,3.2 Acceptance Testing

Based on the results of the development testing cutback,

the impeller for the first shipping unit (Serial No. P-A)

was cut back to the same configuration. The completed
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compressor was fully instrumented and mapped with the positive
3-degree diffuser, Figures 26 and 27 show this unit and
Figure 40 shows the resulting compressor map. The second
shipping unit (Figure 28) was run for a total of 1.2 hours

at the design conditions. No performance map was generated

since the compressor was shipped with undrilled instrument-
ation bosses,

Figures 41, 42, and 43 show the acceptance test logs

for both units and Figures 44 and 45 show the data sheets
for the acceptance tests,
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7. PARTS PROCURED BY VENDOR PART NUMBER SHALL BE PROCURED IN
ACCORDANCK WITH THIS AIRESEARCH SOURCE CONTROL DRANING.

6. IDENTIFY PACKAGING WITH AIRESEARCH PART WUMBER. .

5. ALL DEZSIGN AND PART NUMBER CHANGES MUST RECEIVE PRIOR
AIRESEARCH APPROVAL.

4. ONLY THE I1TENS LISTED ON THIS Dl"ll. AND IDERTIFIED BY VENDORS® RANES,

ADDRESSES AND PART NUMBERS NAVE BEEN TESTED AND APPROVED FOR USE IN THE
TRT UNIT. & SUSSTITUTE ITEM SHALL NOT BE VOED 'IYNOUT PRIOR TESTING AND
APPROVAL BY AIRESEARCN.

3- WILITARY SPARES PACK BEARINGS ARE INTENDED TO FILL HILITARY SPARES ORDERS.
BEFORE INSTALLATION WASH OUY THE PRESERVATIVE AND REPLACR WITHN OPERATING
LUBRICART. AFTER THIS OPERATION TNE ~—4 IDENTIFICATIOR I8 DROPPED AND THE
STARINGS SECOME INTERCKANGEABLE WITH THE PRODUCTION BULK AND CONNER-—
CIAL SPARES PACK BEARINGS. THEY SHOULD NOY SZ USED (R FACTORY INSTALL-
AVIONS SECAUSE OF THEIR RELATIVELY NI8N COST.

2. POR ECONOMY, PRODUCTION BULK PACK BEARINGS ARE PREFEARED FOR ALL PACTORY
INSTALLATIONS. CORMERCIAL SPARES PACK BEARINGS ARE INTENDED YO FiLL COM-
MERCIAL SPARES ORDERS.

t. PRODUCTION SULK ARD COMMERCIAL SPARES PACK SEARINGS ARE INTERCHANGEZAOLE.
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CRITICAL ITEM

1.313.

SATISFACTORY PERFORMANCE OF THE
END PRODUCT DEPENDS ON THE IN.
TEGRITY AND
SELECVED CRITICAL ITEM. PROCURE-
MENT OF THIS
GARRETT CORPORATION S RECOM.
MENDED IN COMPLIANCE WITH ASPR.

RELIABILITY OF THIS
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SOURCE
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lim SOURCE(S) PXR ASL . ,
i MARKED PER
ART TO REMC-ih ClAass T mm N
il OPERATING CONDTIONS - :mn S5ARI,
| 4
13, ALL BESIGN AND PARY WRGZR CRANGES REQUIRE
PQ&S.»UQE AR S\OE, O PsiG. FRIOR AIRESEARCH APPROVAL. .
: Ol SIDE. - 2 PSI\G, ]
’ TEMPERATURE, AIR SA\DE, 100°F. 1Z GNLY ITDXS LISTED OM THR APPLICABLE ASL AND
: OIL SiDE 22S5°F . IDENTIFIED BY VIXDOR'S NAMES, ADDRESSXS, AND
. PART NIRTIRS RAVE BZEN TISTED AND APPROVED FOR
) LEAKAGE ,AIR TO OIL, .01 LB/MIN 6T IN TEX KD WMIT. A SURSTITUTE ITEM SHALL |
Yo OlL TO AIR, |CC/HR. " WOT X USC) WITHOUT PRIOR TESTING MED APPROVAL |
OlL- MIL-L-7TB0O8 . ST ATRESEARCE. |
| LIFE REQUIRED SO0 HOURS. _ L 'IDENTIFY PACKAGING WITH AIRESEIARCE IR, |
! . 1
10 [PARTS PROCURED BY VENDOR PART NUMEER SHALL BX
‘PROCUXED IN ACCORDANCE WITR THIS AIRESEARCH
SOURCE CONTROL DRANDS. i
20. SEAL CASE TO BE CRES. y
: 19. POSITIONAL & GEOMETRIC TOLERANCE a :gf’s&‘:‘: eIy OTHER TEAN |
l SYMBOLS PER MIL- 5TD-8. 8. MACHINED SURFACES FLAT WITHIN .0005 PER INCH TO A j
_ MAX_OF 006 FOR ANY SURFACE. [
y 7._MACHINED SURFACES NORMAL OR PARALLEL WITHIN .002 :
PER_INCH TO A MAX_OF 012 FOR ANY SURFACE.
6. MACHINED DIAS. ON A COMMON CENTERLINE CONCENTRIC %
WITHIN 005 TIR_UNMACHINED DIAS. CONCENTRIC WITH
N 032 TIR 1
S_DIMENSION LIMITS HELD AFTER PLATING.
\ 4. MACHINED FILLET RADil 030 - 018
: CEIMCAL JTBM . 3. BREAK ALL CORNERS AND SHARP EDGES 015 MAX.
; Birteis o TR WOATY AND MELASAITY O NO HANGING BURRS ALLOWED.
; B T O T AT R 2. SURFACE ROUGHNESS PER MILSTD-10.
; MICOMMENDIO N COMPLIANGE Wikt ADR 1.0 ) 1. DIMENSIONS ARE tN INCHES.
! I ) UNLESS OTHERWISE SPECIFIED.
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PART N2 SEAL ROTOR
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OPERATING SCHEDULE
| CONDITIONS B 4
SPEED, RPM 38,500
PRESSURE, PSI6 :
b GAS SIDE = .5
OlL SIDE -2
. | TEMPERATURE,F|
CAS S\DE <800
| olL SIDE 225
| LEAKAGE (MAX) :
CAS Y0 OIL, LBS/MIN Ol -
b 1 oiLvoeas c/HR. |  ZERO
LIFE REGD, HRS, 500

, la.cieomE PLATE SURFACE-A PER
@Q-C-320 (LASS 2, .002-.004 THTK,
2. SLRFACE -B- LAPPED FLAT

fa

t | @ POSITIONEL & GEOMETEIC TOLERANCE
SYMBOLS PER MIL-=TD- 8.
(14

%. (¢) Designate Critical Charecteristics
Designate Majer Characteristics

$ATHFACYORY PESCRMANCE OF N BND PROODUCY
DIPMHDS On TV POIGAITY AND MUAMLITY OF

SUTTD  QRNCAL  ITUR  RROCURBMSNT
OF ™S Ml O NE GARRITT COMORATION &
RECORMMIADED B4 COMPIAMCE WIBM ASPR 1013,

% —

=

=

1S PROCUNEMENT SOUTCOlS) PER ASL
MARKED PER °
14 PAYT TO BX MC- 14 CLA>- I WITH ATRESEARCE

NUCZR 3B IO -5 ¢5.0277

13 ALL DZSIGH AND PART ETER CECES IRQUINS
FRIOR AIRZSEARCR APPRINAL,

i OTLY ITEMS LISTED ON TEX APPLYCASLE ASL AXD
1DEXTIPIED BY VEXDCR'S HAMIS, AKCT2ISES, AMD
PART WIMCZES HAVE EZEM TESTED AKD APPROVED FOR
USE IX TR EYD UHIT. A SUISTITUTE ITEM SHALL
MOT BE USED WITHOUT PRICR TESTING AND APPROVAL
BY AINESEARCH,

1. TDZXTIFY PACKAGING WITH AIRESEARCH NUMBER,

ia PAKTS rmmbnmm-rmlmxsmn
PROCUSED IN ACCORDAMCE WITH TRIS ATSESIARCH
SOURCE CONTROL DRAWING.

9 DETAILS OF DESIGM AND COMSTRUCTION OT:ER THAM
SBOWA SHALL EX AT OPTICN OF VINDOR.

8. MACHINED SURFACES FLAT WITHIN .0005 PER INCH TO A
TTRAX. OF 005 FOR ANY SURFACE

7. MACHINED SURFACES NOPMAL OR PARALLEL WITHIN 002
P < TR TO A MAX OF 012 FOR ANY SURFACE

6. MAHNID DIAS ON A COMLON CENTERLINE CONCENTRIC
TWi T (05 TR, URNAGH i+ D DIAS. CONCENTRIC WiTH-
N CTTR
S DIMENTION LIMITS 1.0LD AFTER MLATING.
4 MATHINID FILLET RADII 030 - O1S
3. BREAK ALL CORNIRS AND SHARP EDGE$ 015 MAX.
WO FIRGING EUnAS ALLOWD.
2 SURFACE ROUGHNESS PER MIL-STD-10.
1. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.
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HOUSING TB-
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15, SERIAL NUMBER CONTROL MUST BE MAINTAINED ON THIS PART
THROUGHOUT MANUFACTURING AND ASSEMMY CrOQm AND _
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4 palcTznat sonuct -
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 ALR . : 7._MACHINED SURFACES NORMAL OR PARALLEL WITHIN .002 B
L QNLY ITDS LISTED ON THE APPLICABLE ASL AND HRJ A MAX. OF 012 FOR ANY SURF
IDCITIFIZED BY VEXDCR'S MAMZS, ADDEESSES, AND 8. MACHINED DIAS. ON A COMMON CENTERLINE CONCENTRIC B
PART .m BAVE XSEN TESTED AKD APPROVID FOR WITHIN 005 Tl& UNMACHINED DIAS. CONCERTRIC WITH -
If TRZ EXD UXIY. A SIESTIIUTE ITEX SRALL I _032 Tik B
07 B 127D WITHOUT PRIOR TRESTEIG AND APPAOVAL 5. DIMENSION LIMITS HELD AFTER PLATING. —
BY AIRRSEZARCH., 4. MACHINED FILLET RADII .030 - .01S ,5.
3. BREAK ALL CORNERS AND SHARP EDGES 015 MAX. H
A IDENTIFY PACKAGING VUITH AIRESRA®CH NUMMER, NO HANGING BURRS ALLOWED., v
: 2. SURFACE ROUGHNESS PER MILSTD-10.
A A=ty W PARY "ML, SEALL ‘& . DIMENSIONS ARE 1N INGHES. — <
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